One of the most consistent behavioral changes that occurs with age in humans is the loss of sleep consolidation. This can be quite disruptive and yet little is known about its underlying basis. To better understand the effects of aging on sleep:wake cycles, we sought to study this problem in Drosophila melanogaster, a powerful system for research on aging and behavior. By assaying flies of different ages as well as monitoring individual flies constantly over the course of their lifetime, we found that the strength of sleep:wake cycles decreased and that sleep became more fragmented with age in Drosophila. These changes in sleep:wake cycles became faster or slower with manipulations of ambient temperature that decreased or increased lifespan, respectively, demonstrating that they are a function of physiological rather than chronological age. The effect of temperature on lifespan was not mediated by changes in overall activity level or sleep amount. Flies treated with the oxidative stress-producing reagent paraquat showed a breakdown of sleep:wake cycles similar to that seen with aging, leading us to propose that the accumulation of oxidative damage with age contributes to the changes in rhythm and sleep. Together, these findings establish Drosophila as a valuable model for studying age-associated sleep fragmentation and breakdown of rhythm strength, and indicate that these changes in sleep:wake cycles are an integral part of the physiological aging process.
M
any physiological functions deteriorate with age. One of the most striking is the loss of sleep consolidation, namely increased daytime sleep and increased nighttime wakefulness in the elderly (1) . In fact, loss of sleep consolidation has been used as one of several measures of frailty in elderly people (2) . As a result, there is increasing awareness that treatment of their sleep problems could significantly improve quality of life for older individuals.
Drosophila is well established as a model for the study of circadian rhythms. Molecular mechanisms of the Drosophila circadian clock are conserved in mammals. In fact, a human circadian disorder, familial advanced sleep phase syndrome, has been linked to mutations in clock genes that were first discovered in flies (3) (4) (5) (6) (7) . In recent years, Drosophila has also emerged as a useful system to study sleep (8, 9) . Since sleep was first described in flies, multiple approaches have led to the identification of molecules involved in regulation of sleep (10) (11) (12) (13) (14) , some of which are associated with sleep phenotypes in mammals (15) . In addition, because of its relatively short lifespan and its amenability to genetic approaches, Drosophila is becoming increasingly popular as a model for aging (16) . As in the case of circadian rhythms and sleep, pathways that affect aging in flies have conserved functions in mammals (17) (18) (19) . Among other pathways, those involved in the response to oxidative stress have been implicated in aging in all organisms tested (20) . Molecular interventions that down-regulate oxidation generally increase lifespan in diverse organisms including worms, flies, and mammals (21) (22) (23) (24) (25) . Metabolic regulators, such as insulin-like growth factor 1 (IGF1), that affect lifespan may also do so through effects on the redox activity in cells (22) .
Here, we report that flies undergo an age-associated breakdown of sleep:wake cycles reminiscent of that seen in humans. Sleep becomes fragmented with age, and the rate at which this fragmentation occurs depends on ambient temperature and lifespan, suggesting that it is an integral part of the physiological aging process. Because an increase in oxidative stress disrupts sleep:wake cycles in a manner similar to that of aging, we propose that the accumulation of oxidative damage with age, at least in part, accounts for the breakdown of sleep:wake cycles.
Results
The Strength of the Sleep:Wake Cycle Decreases with Age. To identify changes that occur over the course of a lifetime, we monitored the sleep:wake behavior of individual flies in activity tubes continuously from a few hours after eclosion until their death. Under these monitoring conditions, wild-type flies lived for Ͼ2 months on average at 25°C. This is comparable with the lifespan reported in other longevity studies (12, (24) (25) (26) (27) (28) , although it is less than what we see when we maintain groups of flies in vials (see Fig. 5A , which is published as supporting information on the PNAS web site).
Importantly, the longitudinal approach provided invaluable information about changes in sleep:wake patterns of the same flies as they aged. We found that whereas flies had long, uninterrupted bouts of sleep when they were young, sleep became fragmented as they aged (Fig. 1A) . Although there were some differences in sleep patterns between male and female flies, sleep became more evenly distributed over the 24-h period with age for both males and females (Fig. 1B) . Young female flies slept mostly at night, and as they aged, daytime sleep increased and nighttime sleep decreased. Young male flies, on the other hand, had two peaks of activity at dawn and dusk, and slept almost as much in the middle of the day as at night. As male flies aged, they slept more at dawn and dusk, and slept less at midday and night.
Rhythm strength, as measured by relative fast Fourier transform (FFT) values, steadily decreased with age (Fig. 1C) . In addition, a number of sleep parameters changed with age. The average duration of sleep bouts decreased relative to their peak values, and the number of sleep bouts increased, both during the day and at night ( Figs. 1C and 5B). We also saw an increase in the number of brief awakenings (Fig. 1C) . However, of the sleep parameters examined, daily sleep bout number showed the clearest change and was least variable. Changes in these sleep parameters indicate that sleep becomes fragemented in aging flies as it does in aging humans (1) . In contrast, unlike in humans, total sleep amount did not decrease with age; there was a moderate increase in sleep amount and a corresponding de-crease in activity counts in aging females, whereas these measures changed little after the first 3 weeks in males (Fig. 5C) .
Age-associated decline in rhythm strength occurred in the presence of light:dark cycles, suggesting that it did not just result from loss of circadian clock function; clock mutants can be driven by light:dark cycles to show rhythmic behavior (29, 30) . Indeed, the timeless (tim) clock mutant driven by a light:dark cycle showed a steady decline in rhythm strength with age (see Fig. 6 , which is published as supporting information on the PNAS web site). tim flies had relatively poorly consolidated sleep compared with wild-type flies, namely they had more sleep bouts and a shorter sleep bout duration (compare Figs. 1C and 6 ) and did not show a substantial increase in sleep fragmentation with age. Although sleep bout numbers increased somewhat with age in tim flies, the average duration of sleep bouts did not decrease. These results suggest that the circadian clock promotes consolidation of sleep and that the age-associated decline in rhythm strength has multiple causes, including disruption of circadian clock function and of noncircadian mechanisms that control sleep.
To validate the data obtained through the longitudinal studies, we conducted conventional cross-sectional studies in which sleep:wake behavior was assayed in flies of different ages. Groups of flies that had been aged for different lengths of time were collected and monitored for sleep:wake cycles. Although the flies were somewhat longer-lived in cross-sectional assays (Fig. 5A ), the data generally mirrored those obtained from longitudinal studies. Thus, rhythm strength and the average duration of sleep bouts declined over the lifetime of the flies, whereas the number of sleep bouts increased (see Fig. 7 , which is published as supporting information on the PNAS web site).
Ambient Temperature Affects the Rate of Breakdown in Sleep:Wake
Cycles. To determine whether the breakdown of sleep:wake cycles reported above is linked to physiological or chronological age, we assayed sleep:wake cycles under environmental conditions that affect lifespan. An increase or decrease in ambient temperature is known to decrease or increase lifespan in Drosophila (31) . We monitored the behavior of flies maintained at 29°C, 25°C, or 18°C. The temperature manipulation had a large effect on lifespan. Flies kept at 18°C lived Ϸ2.4 times longer than those kept at 25°C, which, in turn, lived Ϸ1.7 times longer than those kept at 29°C. The experiment was performed using two different stocks of wild-type Canton-S flies. These stocks have been maintained in different labs for many years, and the males differ considerably in average lifespan (e.g., median lifespan at 18°C was 167 and 115 days, respectively), most likely because of genetic drift. Despite the differences in lifespan in the two stocks, a consistent pattern of age-associated changes in sleep:wake cycles emerged. At lower ambient temperatures, flies lived longer and the strength of sleep:wake rhythms declined at a slower rate ( Fig. 2A ; and see Fig. 8 , which is published as supporting information on the PNAS web site). Similarly, ageassociated sleep fragmentation, as measured by the number of sleep bouts and sleep bout length, occurred at a slower rate at lower temperatures ( Fig. 2 B and C and Fig. 8 ). This finding supports the idea that the strength of sleep:wake cycles and sleep consolidation change as a function of physiological, rather than chronological, age.
The Effect of Ambient Temperature on Lifespan Is Not Mediated by
Changes in Overall Activity. Mutants with increased activity or decreased sleep tend to have shortened lifespan (10, 32) , although there are exceptions to this general trend (13) . One explanation might be that a higher metabolic rate at a higher temperature leads to increased overall activity and reduced sleep, which may contribute to short lifespan. Contrary to this hypothesis, we did not find a simple monotonic relationship between longevity and activity level (Fig. 3A) . Notably, flies maintained at 18°C lived approximately four times longer than those at 29°C, but there was little difference in activity levels. The effect of temperature on overall sleep amount followed a similar pattern (Fig. 3B) . Thus, the effect of temperature on lifespan cannot be accounted for by changes in activity level or sleep amount. It is, however, closely linked to changes in the rate at which sleep fragmentation and decline in rhythm strength occur.
Oxidative Stress Effects a Breakdown of Sleep:Wake Cycles. Aging is associated with an accumulation of oxidative damage (20) . In the course of other experiments in the laboratory, we found that young flies lacking the FOXO protein, which protects cells from oxidative stress in mammalian tissue culture (33) , showed rhythm phenotypes. In particular, foxo mutant flies were unable to sustain sleep:wake rhythms in the presence of the oxidative stress-producing agent paraquat (X. Zheng and A.S., unpublished observations). These data suggested that an increase in oxidative damage can cause deterioration of sleep:wake cycles. To determine whether paraquat can produce similar effects in wild-type flies, we maintained flies on food containing 1 mM paraquat throughout life, while constantly monitoring their behavior. At this low dosage, wild-type flies could live on average for Ϸ1 month, which is approximately half of their normal lifespan. For the first 3 weeks of treatment, paraquat had little effect on sleep:wake cycles. At Ϸ3 weeks of age, however, compared with control flies, flies treated with paraquat showed a faster rate of decrease in rhythm strength and average duration of sleep bouts and a faster rate of increase in sleep bout numbers ( Fig. 4 ; and see Fig. 9A , which is published as supporting information on the PNAS web site). Paraquat treatment also promoted faster changes in overall activity and total sleep amount in females (Fig. 9B) . As mentioned above, these measures showed little change in males after Ϸ3 weeks and were relatively unaffected by paraquat treatment. These results resemble those found in flies whose aging process was accelerated with high ambient temperature (Fig. 2) and suggest that the effects of increased oxidative stress on sleep:wake cycles are similar to those that occur with aging.
Discussion
We report here that flies undergo age-associated changes in rhythm strength and sleep consolidation as do humans. The rate of these changes could be altered by manipulations of ambient temperature that alter lifespan, indicating that they are a function of physiological rather than chronological age. Lowered ambient temperature is thought to extend lifespan by lowering the rate of aging (18) . Our results indicate that lowered temperature also lowers the rate of sleep fragmentation and breakdown of sleep:wake cycles, suggesting a close connection between the aging process and changes in sleep:wake behavior. At this point, we do not know the nature of the connection. It is tempting to speculate that the causal link is bidirectional. On the one hand, physiological changes that occur with age may cause cumulative damage to the mechanism regulating sleep:wake cycles. On the other hand, resulting sleep fragmentation may contribute to and accelerate the aging process. If so, interventions that increase sleep consolidation may slow down the aging process and increase lifespan.
Whereas the relationship between sleep fragmentation and lifespan has not been explored extensively, several studies show a relationship between sleep deprivation and lifespan. Rats die after a few weeks of sleep deprivation, supporting the idea that sleep is essential for life (34) . Likewise, cycle (cyc) mutant flies, which have a defect in the homeostatic control of sleep, die after 12 h of sleep deprivation (14) . Although wild-type flies are still alive under these conditions, further prolonged sleep deprivation is lethal for them as well. It has recently been shown that mutant alleles of the voltage-gated sodium channel gene Shaker have a short sleep phenotype and they are also short-lived (10), further strengthening the connection between sleep and lifespan. Given these results, it seemed reasonable to hypothesize that the effect of ambient temperature on lifespan is mediated by its effect on sleep amount and͞or activity level. However, we found little evidence to support the hypothesis. We found that the rate of decline in sleep:wake cycles, not the total amount of sleep or activity, was monotonically related to lifespan. Although there may be a close relationship between sleep (or activity) and aging, our results implicate other factors that may modulate the relationship. Fig. 3 , four sets of data are presented: female flies (Left), male flies (Right), one Canton-S stock (CS1) (Upper), and another Canton-S stock (CS2) (Lower). Data for CS1 at 25°C are the same as those shown in Fig. 1 . In all four data sets, these measures changed most rapidly at 29°C and slowest at 18°C. Quantification of the rate at which these measures changed is presented in Fig. 8 .
The effect of paraquat on sleep cycles suggests that an increase in oxidative stress can diminish the strength of the sleep:wake cycle. Because oxidative damage is known to build up with age, it is quite likely that it contributes to, if not accounts for, age-associated sleep fragmentation. Interestingly, both paraquat and age also affected the molecular cycling of clock gene expression in peripheral tissues, further suggesting that the mechanism involved may be the same (X. Zheng and A.S., unpublished observations). However, reversing age-related changes in sleep may not be a simple matter of treating with antioxidants. Even the biological enzymes known to have strong antioxidant activity have relatively minor effects on lifespan, indicating that they have limited potential for preventing ageassociated damage (21) (22) (23) (24) (25) . Nevertheless, it is important to identify the mechanisms underlying the changes in physiology with age, with a view to developing treatments in the future.
Although we focused primarily on the strength of the sleep:wake cycle and upon sleep fragmentation, other aspects of sleep and circadian rhythms are likely also affected by age. In the suprachiasmatic nucleus, the master circadian clock in mammals, the amplitude of the firing rhythm in individual suprachiasmatic nucleus neurons decreases with age and the circadian waveform also becomes more variable (35) . In addition, with age, the response of the clock to photic and nonphotic stimuli is reduced, suggesting that it is compromised in its ability to synchronize to the environment (36, 37) . Clocks in other parts of the body (so-called peripheral clocks) are also affected with age, some more so than others, which may be indicative of a loss of synchrony between the suprachiasmatic nucleus and these peripheral oscillators (38) . Future studies of such cellular and molecular effects in Drosophila will help in identifying the precise mechanisms that underlie the behavioral changes reported here.
Drosophila has long been used for studies of behavior and of aging. Our data here indicate that it is a powerful model to study age-related changes in behavior. We report robust changes in rhythm strength and sleep fragmentation similar to those that occur in humans. We have developed a method to monitor individual flies throughout life. This longitudinal assay is expected to facilitate many future approaches to the study of sleep and aging; for instance, experiments that involve molecular or pharmacological intervention may yield more precise results because baseline data and long-term effects can be determined for the same individual.
Materials and Methods
Behavioral Assay. Two wild-type Canton-S fly stocks and tim 0 mutants were maintained in vials containing molasses, cornmeal, and yeast media in a 12 h:12 h light:dark cycle at 25°C. For longitudinal studies, individual virgin flies were transferred to monitor tubes containing the same media on the day of eclosion. Their locomotor activity was monitored by using the Drosophila Activity Monitoring System (Trikinetics, Waltham, MA) at 18°C, 25°C, or 29°C, as indicated in the figure legends, continuously until at least half of them died. The flies were transferred to fresh tubes once a week. For cross-sectional studies, we maintained groups of 30 virgin male or female flies in vials, transferring them to fresh vials every 2 days. Flies that had been aged for different lengths of time were then transferred to monitor tubes and assayed for locomotor behavior.
Quantitative Analysis of Data. Activity counts were collected in 5-min bins. As previously established (9, 39), a 5-min bin with no activity was considered to be sleep. A brief awakening was defined as a 5-min period of four or fewer counts, preceded and succeeded by at least 5 min of no activity. Circadian FFT values were computed for each day by using a moving window of a 6-day period. Because many flies, especially males, had strong morning and evening peaks of activity separated by 12 h, we used the sum of 12-and 24-h FFT values as a measure of circadian rhythm strength. To control for potentially confounding effects of overall activity level, circadian FFT values were normalized to noncircadian values. Each measure was computed separately for each fly and each day, and the mean and SEM for each group were calculated for each day. To examine the rate at which each measure changed over time, a linear regression line was fitted to individual data between days 10 and the median lifespan. For each group of flies, only flies that lived longer than the median lifespan were included in subsequent analyses. The number of flies in each condition included in the data analyses was as follows. For the longitudinal study, the numbers were 47 (25°C), 39 (29°C), and 32 (18°C) CS1 females; 46 (25°C), 45 (29°C), and 31 (18°C) CS1 males; 34 (25°C), 25 (29°C), and 34 (18°C) CS2 females; and 30 (25°C), 29 (29°C), and 30 (18°C) CS2 males. For the cross-sectional study, each data point represents data from at least 13 flies, except for the last data points for males, in which only 8-10 flies are represented because of high mortality. For comparison of paraquat-treated and control flies, the numbers were 33, 31, 32, and 29 for female control, female paraquat, male control, and male paraquat, respectively. The number of flies at the start of each experiment was approximately twice the number included in the analyses.
